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A review of baryon and lepton conservation in supersymmetric grand unified theo¬ 
ries is given. Proton stability is discussed in the minimal SU(5) supergravity grand 
unification and in several non-minimal extensions such as the SU{3)^, SO(IO) and 
some string based models. Effects of dark matter on proton stability are also dis¬ 
cussed and it is shown that the combined constraints of dark matter and proton 
stability constrain the sparticle spectrum. It is also shown that proton lifetime 
limits put severe constraints on the event rates in dark matter detectors. Fu¬ 
ture prospects for the observation of baryon and lepton number violation are also 
discussed. 


1 Introduction 

While string theory purports to unify all the fundamental interactions of 
physics including gravity, there is currently no string model which is fully vi¬ 
able. Pending the discovery of such a model, it is imperative that one look to 
the bottom up approach to unification. Grand unification is such an approach 
wherein one attempts to unify the electro-weak and the strong interactions in a 
single framwork. In this review we will focus on such an approach, mecifically, 
the approach of supersymmetric and supergravity grand unificatiortl. Our aim 
is to discuss the phenomena of baryon and lepton number conservation and 
their violation in such theories. The grand unification approach is expected to 
be valid up to the scale Mq ^ 2 x 10^® GeV but it could be valid even up to 
the string scale of 

Mstr 5 X gstring X 10^"^ GeV (1) 

Beyond that scale one is in the domain of quantum gravity where the full 
framework of string unification is needed for consistency. 

The outline of the paper is as follows: In Sec.2 we discuss the LEP data 
which lends support to the ideas of supersymmetry and gauge coupling unifi¬ 
cation. In Sec.3 we give a general discussion of the various sources of baryon 
number (B) and lepton number (L) violation in SUSY theories. In Sec.4 we 
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discuss proton decay from B & L violating dimension five operators. In Sec.5 
we discuss proton decay within the framework of supergravity unification. In 
Sec.6 we discuss B & L violation in non-minimal models. These include the 
{SU{3))^ models, the unflipped and the flipped no-scale models, and SO(IO) 
models. Effects of textures on proton lifeitme are discussed in Sec. 7 and 
effects of dark matter constraints on proton lifetime are discussed in Sec.8. A 
brief discussion of proton decay in gauge mediated breaking of supersymmetry 
is given in Sec.9, and a discussion of Planck effects on proton decay is given in 
Sec.10. Exotic decay modes of the proton are discussed in Sec.11. In Sec.12 
we give a brief discussion of the relation between SUSY GUTS and strings. 
Conclusions and prospects are given in Sec. 13. 


2 Grand Unification and LEP Data 

While the LEP data extrapolated to high scales exhibits unificatiorS in the 
minimal SUSY SU(5), one finds that there could be a small discrepancy in the 
predicted value of as and experiment, i.e., that the predicted value of as lies 
^ (1 — 2) (T higher than the.|.world average. Such deviations can be corrected 
by Planck scale correctionSu which can produce ^ (1 — 2) cr effects on Og. 
In fact, effects of such a size are expected because of the proximity of the 
grand unification scale to the Planck scale, and so effects of size 
i.e., 0(few%) are quite naturaB. A source of such corrections in supergravity 
grand unification is from the gauge kinetic energy function fa/s where 


[A6ai3 + 


c 

‘2,hlpianck 




( 2 ) 


Analyses show that values of c ^ 0(1) give agreement with LEP data. One 
may also use the LEP data to put a limit on the range of c .One finds 


- 1 < c < 3, LEP DATA 


( 3 ) 


It is also possible to get 1-2 a effects on as from extensions of SU(5), si^h as, 
for example, in the missing doublet model with Peccei-Quinn symmetry^. 


3 Sources of Baryon Number Violation in SUSY 

We dicuss now the main sources of B & L violation in supersymmetric theo¬ 
ries. These consist of baryon and lepton number violation from (i)lepto-quark 
exchange, (ii) dimension 4 operators, (hi) dimension dimension 5 operators, 
and (iv) higher dimensional operators. A summary of the important operators 
in given in Table 1. 
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Table 1: Baryon and lepton number violating operators 


Dim 

Operator 

B & L violation 

comment 

dim 6 

qqql 

AH = 1, AL = 1 


dim 9 

qqqqqq 

AB = 2, AL = 0 

n — h oscillation 

SUSY 




dim 4 

(qqq)i=’ 

AB = 1, AL = 0 


dim 5 

(qqqi)F 

AB = 1, AL = 1 

mass scale ^ 10^'^ GeV 

dim 7 

(qqqqqq) F 

AB = 2, AL = Q 

n — h oscillation 


The experimental possibilites for testing the baryon and lepton number vio¬ 
lations are (i) the proton decay decay experiments, (ii) experiments that look 
for doublaTeta deca)^, and (iii) proposed experiments for the test of n — h 
oscillatioiHu. Of these the first two are the ones that have been most vigor¬ 
ously pursued. In this review we will mostly focus on the implications of B & 
L violations on proton stability. 


3.1 Proton Decay via Lepto-quark Exchange 


As mentioned already there are various sources of proton decay in grand unified 
theories. Most grand unified theories allow for baryon and lepton number 
violation because quarks and leptons belong to the same multiplets and proton 
decay in these theories can proceed via lepto-quark exchange. In SU(5) models 
the dominant mode pa lepto-quark exchange is p ^ e“'"7r° which gives a life 
time for this mode o£2l 


t{p ■ 


e+7r° 


)«( 


Mv 


3.5 X IQi^GeM 


)^I0 


31±1 


yr 


( 4 ) 


For the non-supersymmetric SU(5) the lifetime is too small to be consistent 
withpxperiment. For the supersymmetric SU(5) one estimates r(p —> e“'"7r'^) 
to b(§ 


1 X yr 

The current experimental limit for this decay mode iS 


( 5 ) 


t{p e+7r°) > 2.1 x lO^^yr, {90%CL) (6) 

It is expected that in the future Super K will reach a sensitivity o0 

t(p ^ e+7r°) > 1 X m^^yr, (90%GL) (7) 


Thus the e+7r° mode in SUSY SU(5) may be on the edge of detection if Super- 
K and Icarus reach their maximum sensitivity. However, as mentioned already 
in suprsymmetric theories there are other sources of B & L violation, such as 
dimension 4 and dimension 5 operators. 
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3.2 p Decay via Dimension 4 Operators 


Supersymmetric theories generically have dimension four operators which vio¬ 
late baryon and lepton number. Thus, for example, in the minimal supersym¬ 
metric standard model (MSSM) one has in general dimension four operators 
in the superpotential of the form 

W = XuQu^H 2 + XdQd‘^Hi + XeLe^i + 

+ {X'BU^d^d‘^ + X'LQd^L + X'lLLe^) ( 8 ) 

Here the terms proportional to X^, X'^, and X'l induce B & L violation. Sup¬ 
pression of fast p decay requires 

2 

TfL~ 

- O(10-^^±^) (9) 

In the MSSM one eliminates fast p decay via a discrete R symmetry R = 
(_l)3B-i-L-i-2S^ However, in general R symmetry which is a global symmetry 
is not preserved by gravitational interactions. Thus for^xample, worm holes 
can generate dimension 4 operators and catalize p decajcJ. To protect against 
fast p decay of the above type one must promote the global R symmetry to 
a gauge symmetry, since gauge symmetries are protected against wormhole 
effects. Even if the local symmetry breaks down leaving behind a residual dis¬ 
crete symmetry, that residual discrete symmetry^vill be sufficient to protect 
against fast p decay induced by worm hole effectifl. R parity is an interesting 
symmetry in that it appears that it is the. only Z 2 symmetry which is free of 
anomalies with just the MSSM spectrunuJ. Thus there is a possibility that it 
could arise in an automatic fashion from the spontaneous breakdown of groups 
that contain a U{1)b-l such as S't/(4)c' and SO(IO). It should be noted, 
however, that even if a theory is originally free of dangerous dimension four 
operators, such operators can be induced from higher dimensional operators 
via spontaneous symmetry breaking. For example, one may have a dimension 
five operator in SO(IO) which contains an SU(5) singlet field The follow¬ 
ing provide examples where spontaneous VEV formation of an SU(5) singlet 
generates dangerous dimension four operators 

^ ^ (QLd^) (10) 


4 Dimension 5 B and L Violation and p Decay 

In MSSM one can write many dimension 5 operators that violate B and L 
number such as QQQL, u^u’^d‘^e‘^, QQQHi, etc. These operators 
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contribute to p decay at the loop level. The only operators that arise in the 
minimal SU(5) GUT mod^ja^d generate observable p decay are the first two 
operators in the list abov£30, i.e., QQQL, and . 

B and L violating dimension five operators occur in most supersymmetric 
theories and string theories and lead to p instability in these models. In SUSY 
grand unified models proton decay via dimension five operators is governed by 
the interaction 

iJi J + KHi + H.MijHj (11) 

where Hi, Hi are the Higgs triplets, J and K are matter currents, and My is 
the Higgs triplet mass matrix. The suppression of p decay in these theories 
can come about if 

(M-i)n=0 (12) 

A suppression of this type can occur by discrete symmetrie^by. non-standard 
embeddings, or by the presence of additional Higgs tripletO’Ej. However, in 
most SUSY/string models (except for the flipped SU{5) x U{1) models) one 
does not have a a natural suppression, and a suppression requires a doublet- 
triplet splitting in the Higgs multiplets. Many mechanisms for doublet-triplet 
splittings haverhieen discussed in the literature, such as (i) the sliding sin¬ 
glet mechajusnEy which works for SU(n) for n> 6, (ii) the missing partner 
mechanisirEll, (iii) the mechanism of VEV alignments, (iv) the mechanism 
where the Higgs doublets are pseudo- GoldstonetS, and (v) the mechanism 
with more than one adjoint Higgs. 

In the following we will discuss p decay via dimension 5 operators in several 
SUSY GUTS: SU(5), (SU(3))^, SO(IO), the flipped and the unflipped no-scale 
models, with the most emphasis on the simplest SUSY GUTs, i.e., the minimal 
SU(5) model. The p decay in the minimal SU(5) model is governed by 

Wr = + /2yM2„M.M™ (13) 

where Mix and M/^ (i=l,2,3) are the 5 and 10 of SU(5) which contain the three 
generations of quarks and leptons, and Hi, H 2 are the 5,5 of Higgs. After the 
breakdown of the GUT symmetry there is a splittiing of the Higgs multiplets 
where the Higgs triplets become superheavy and the Higgs doublets remain 
light by one of the mechanisms listed earlier. One can now integrate on the 
Higgs triplet field and obtain an effective interaction at low energy given below 

LLLL = -^eabc{PfT y)i]{f2)kl{uLbidLcj{,el^,{VuL)al - VkdLal) + ...) + H.c. 

RRRR = -^.eabc{V^rh{PVf%i{e%,URajdR,kdRbi + ...) + El.(:14) 


5 



where V is the CKM matrix and fi are the Yukawa couplings which are related 
to the quark masses by 

= fl^{sin20w/e)Mzsinf3, mf = ff{sin29w/e)]^zsinj3 (15) 
and Pi are generational phases 

= 1 = 1,2, (16) 
i 

Both LLLL and RRRR interactions must be taken into account in a full anal¬ 
ysis and their relative strength jdnpends on the part of the parameter space 
where their effects are computecOo. 

The operators of Eq.(14) are dimension five operators which must be 
dressed via the exchange of gluinos, charginos and neutralinos. The dress¬ 
ings give rise to dimension six operators. These dimension six operators are 
then used in the computation of proton decay. In the dressings one takes into 
account the L-R mixings, where for the up squark mass matrix one has 

( rriuiAumo - /rctn/3) 

\muiAumo - iJLctnf3) 

The mass diagonal states are given by 

Ur = cos5uUi -\- sin5uU2, ul = —sinSuUi + cosSuU2 

sin2Su = -2mu{Aumo - nctnf3)/- 771 ^ 2 ) (18) 

and similarly for the down squarks and the leptons. In supergravity grand 
unification the values of the trilinear couplings Au,Ad,Ae are all related to 
the single parameter Aq. After dressing of the dimension 5 by the gluino, the 
chargino and the neutralino exchange diagrams one finds baryon and lepton 
number violating dimension six operators with chiral structures LLLL, LLRR, 
RRLL and RRRR which enter in the proton decay analysis. 

4-1 Effective Lagrangian Approach 

The B and L violating interaction one gets from the fundamental SU(5) La¬ 
grangian is in terms of quarks and leptons, while the p decays involve physical 
mesons and baryons. There are various techniques for bridging the gap, i.e., 
in going from the fundamental to the phenomenological interactions, such as 
the Bag model, lattice QCD, and effective Lagrangians. (^rrently the most 
efficient of these approaches is that of effecive lagrangianfj. Lfere the basic 
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technique consists in finding the efi'ective interactions in terms of mesons and 
baryons with the same chiral structures as LLLL, LLRR, etc. that appear in 
the fundamental Lagrangian. This effort is facilitated by utilizing the trans¬ 
formation properties of these terms under SU{3)l x SU{3)r as shown below: 


Chiral structure 

SU{3)l X SU{3)r 

LLLL 

(8,1) 

LLRR 

(3*, 3) 

RRLL 

(3,3*) 

RRRR 

(1,8) 


In the effective lagrangian approach one finds combinations of mesonic and 
baryonic fields with the same chiral transformation properties as the dimension 
six B& L violating quark fields. For this purpose one defines first a pseudo- 
goldstone mass matrix 


M = 


B = 


Defining 


V2 ^ V6 

TT’*' 

K+ \ 


7r“ 

7r“-(- 1 V 

V2 ^ V6 


(19) 

V 


ri 1 
"V 3 V 


baryon mass 

matrix so that 



/El + A. 
V2^ Ve 

E+ 

P ^ 


E- 

I A 

V2 ^ Ve 

n 

(20) 

V -■ 

— 

[2 A 



V 3 / 



M 




= 


(21) 


one can find combinations of mesons and baryon mass matrices with the fol¬ 
lowing transformations 


meson — baryon structure SU{3 )l x SU{3)}i rep 


( 8 , 1 ) 

(3*, 3) 

m ( 3 , 3 *) 
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( 1 , 8 ) 

Using the above technique one can write an effective Lagrangian with the 
same chiral transformation properties as the fundamental Lagriangian in terms 
of quarks. Currently the effective lagrangian approach is the most reliable 
approach to the computation of proton decay amplitudes. 

In the minimal SU(5) model the dominant decay modes of the proton 
involve pseudo-scalar bosons and anti-leptons, i.e., 

e+X°,^+X°,e+7r°,^+7r°,e+r/,/i+r/ (22) 

The relative strength of these decay modes depends on various factors, such as 
quark masses, CKM factors, and third generation effects in the loop diagrams 
etc. denoted by below. The various decay modes and some of the factors 
that control these decays modes are summarized in Table 1. 


Table 1: lepton -|- pseudoscalar decay modes of the proton 


Mode 

quark factors 

CKM factors 

VeK 

marric 

Ui\U2lU22 

VgK 

msmc 

U2\U2iU22 

Dt-K 

mbtric 

U/i V 21 V 22 

Ve-K, VeT] 

manic 

^11 


msmc 

T/2 

V21 V21 


mamc 

^31 ^2^1 

eK 

mamu 

UAUi2 

yK 

msmu 


CTT^ erj 

mamu 


yTr,yy 

msmu 

"^1 


The order of magnitude estimates can be gotten using 

rriuVii : mcU2i : rritV^i « 1 : 50 : 500 (23) 

Typically the most dominant mode is vK. It is governed by the interaction 

Lq{N ^ v,K) = {{a2)\2MM^sin2P)-^P2mcm'^VlV2iV22) 

(U(g, di, W) + F{dd„ IU)[(1 -k + {y~g + yz)Si2 + Af )af 
+ (1 + - {ygyz)^a + Af )/3f -k {yi{R)a§ + yi^'’/33)Sa]) (24) 
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where 


— ^abci^daL^ ^bL'){^cL^ 

o:f = af'(dL,UL da^uii) 

P^-^ = af’^{d^^s) (25) 

In the above is the third generation contribution 

tK _ P2, rntV3iV32 w F(t, J,, W) + F{i, e„ W) 
P3mcV2iV22^F{5,d„W) + F{£,di,W) 

where F are dressing loop integrals and yg are corrections from the gluino ex¬ 
change, and are corrections from neutralino exchange. The second and the 
third generation squark loop contributions can interfere both constructively 
and destructively. The p lifetime is enhanced when there is destructive inter¬ 
ference. Further, there are situations when the mode cap be significantly 
enhanced so that it becomes comparable to the modiJ. 


4-2 The vK Mode 


We discuss now the details of the vK mode which as already pointed out is 
most often the most dominant mode in the nucleon decay in the minimal SU(5) 
model. The decay width of the p —> PiK mode is given by 

r{p ^ P,K+) = (27) 

Here the factors A and Bi are given by 

2 

A = 2^2 rnsmcV^^V2iALAs (28) 


B, = 


1 mfV^\ 


sin2fi rUsV^i 


[P 2 B, 


V 32 


2i 


t ^ ' mcV2lV22 

Bjt = F{ui, dj,W) + {dj tj) 


P^B^i] 


(29) 

(30) 


F{u,,dj,W) = 

1 di3m^sin2Sui 

2 y/2M\Ysinl3 


- [Ecosj-sinj+f{ui, dj, Wi) + cosj+sinj-f{ui, dj, IFi)] 
[Esin"f-sinj+f{uii,dj,Wi) - cos-/-Cosj+f{uii,dj,W 2 ) 

-{u^l Mi2X|31) 
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where / is given by 

f{ui,dj,Wk) = sin^5uif{uii,dj,Wk) + cos^5uif{ui2,dj,Wk) (32) 


and where 


f{a,b,c) = 


mt — rrin — mt 


M^) - 


mt 


In Eq.(30) 7 ± = /3+ ± (3- and 

sin2P± = 


± m 2 ) 


+ { fi ± 7712)^] 
V2iy± = Mw{sinf3 ± cos/3) 
—2{At + ^ctn(3)mt 


sin2Su3 = — 


m? — m? 

ti 12 


E = 1 , sin2l3 > iu.rh 2 /M^ 
= —1, sin2[3 < ^m 2 /M^ 

C in Eq.(27) is a current algebra factor and is given by 


C = 


tun 


[(1 


miq{D + F) 


ms 




K m2 


m 


N 


(33) 


(34) 


(35) 


where /tt, -D, E,.. etc are the chiral Lagrangian factors with the the numerical 
values: /,r = 139 MeV,D=0.76,F=0.48,mAr=938 MeV, mic=495 MeV, and 
mB=1154.Finally, in Eq.(27) fdp is defined by 


PpUl = eabce^is < > 

where the lattice gauge analysis giveS 

/3p = (5.6 ±0.5) X lO-^GeE^ 


(36) 


(37) 


4-3 Vector Meson Decays Modes of the Proton 

In addition to the nucleon decay modes involving pseudo-scalar bosons and 
anti-leptons, one also has in general decay modes involving vector bosons and 
anti-leptons. The source of these modes are the same baryon number violating 
dimension six quark operators that give rise to the decay modes that give rise 
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to pseudoscalar and ant-lepton modes. The vector decay modes of the proton 
are 


ViK*, Vip, ViUj] i = e,p,T 
eK*, pK*, ep, pp, ecu, pcu 

(38) 

However, the vector meson decay modes have generallv_smaller branching ra¬ 
tios than the corresponding pseudo-scalar decay modeO. 

5 Supergravity Analysis 

We shall work here in the framework of supergravity models where supersym¬ 
metry is broken in the hidden sector by a superhiggs phenonienon and the 
breaking communicated gravitationally to the physical sectoca’Cj. The sim¬ 
plest case corresponds to when the superhiggs coupling are generation blind. 
Here after breaking of supersymmetry and of the gauge group and after inte¬ 
grating out the superhiggs helds and the heavy fields of the theory, one finds 
that the supersymmetry breaking potential below the GUT scale is given by 

VsB = mlzazl + + h.c.) (39) 

and in addition one has a universal gaugino mass term 

Li,ss = -mi/2X^X^ (40) 

In the above, is the trilinear part of the superpotential and is 

the bilinear part which under the constaint of R parity invariance is given 
by = poHiH 2 . Thus we find that the supersymmetry breaking sector 

contains just four parameters. 

Supergravity unihcation possesses the remarkable feature that the electro- 
weak symmetry breaking can be manufactured by radiative effects. The ra¬ 
diative electro-weak symmetry breaking is governed by the following Higgs 
potential 

Vh = + TO 2 (t)|i? 2 p - m\{t){HiH 2 + h.c.) 

+ l{g^ + gl)m\^-\H2\y + AV^ (41) 

where AVj is the one loop correction to the Higgs potential and the parameters 
m1{t) satisfy 

m^(0) = mo-k/Tg;? = 1,2; ml{Q) = (42) 
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while the gauge coupling constants satisfy the GUT relation 0 : 3 ( 0 )= 02 ( 0 ) = 
ac = (5/3)ay(0). The breaking of the electroweak symmetry is accomplished 
by a satisfaction of the constraints (tan/3 =< H 2 > / < Hi >): 

i/Ul = - ^iltan‘^l3)/{tan^l3 - 1) 

sm2/3 = ( 2 m 3)/(^3 + fil) 

= mj + E, (43) 

where is the one loop correction from AVi. On using the radiative breaking 
constraint the low energy SUSY parameters can be chosen to be 

Too, mi/ 2 , ^on/3, sign/r (44) 

Supergravity unification exhibits the phenomenon of scaling over most 
of the parameter space of the model. This arises because over most of the 
parameter space of the model one has /i^ >> which giveS 

'^Wi ~ < 0 ); ~ 2^9 (m > 0 ) 

2mz^ ~ ~ ruz^] ~ ~ (45) 

In addition one also has rriHO ^ toa ^ >> Corrections to scaling 

are 0{Mz/iJ.). While these corrections are small over most of the parameter 
space of the model, they can become significant in the region of small /i. 

5.1 Non-universalities of Soft SUSY Breaking Parameters 

Universalities of the soft SUSY breaking parameters at the GUT scale are a 
consequence of the assumption of a generation independent Kahler potential in 
the supergipvity analysis. However, more generally one can have generational 
dependence^ and string based analyses indeed show such a dependence. From 
the phenomenological view point, these generational dependences cannot be ar¬ 
bitrary but are severly constrained by flavor changing neutral currents (FCNC). 
However, it is possible to introduce significant amounts of non-universalities 
in the Higgs seettp^an^in the third generation sector without upsetting the 
FCNC constraint£3e3’E3. Thus, for example, Higgs sector non-universalities 
can be parametrized at the GUT scale so that 

'm]j^=rnl{l + 5i),mfH^=ml{l + 52) (46) 

where a reasonable range for <5^ is |(5i| < 1. Similarly one can parametrize the 
non-universalities in the third generation sector. 
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Figure 1: Plots of the maximum r(p —»■ i>K) lifetime in the minimal SU(5) supergravity 
model with universal soft breaking as a function of the gluino mass. The analysis is for the 
naturalness limits on mo of 1 TeV (solid), 1.5 TeV (dashed-dot) and 2 TeV (dashed). The 
horizontal solid line is the lower limit from Kamionkande and the horizontal dashed line is 
the lower limit expected from Super K. (Taken from ref. [35]). 


5.2 p Decay in mSUGRA 

We give here a numerical analysis of the maximum p lifetime for the minimal 
supergravity model. The upper bounds on the proton lifetime for different 
values of mo as a function of the gluino mass are given in Fig.l. These upper 
limits are gotten by integrating over the allowed range of the parameter space, 
i.e., tan/3 and Aq for fixed values of mo and mg, consistent with radiative 
breaking of the electro-weak symmetry. The analysis is carried out under the 
constraint on the Higgs triplet mass such that Mh^ < IQMc- The theoretical 
upper bounds may be^cpmpared with the current experimental lower bound 
on the p vK^ modciJ of 

t(p — > DK) > 5.5 X 10^^ yr (47) 

and the lower limits that the supier Kamiokande (SuperK) hopes to achieve in 
the future for this mode which ia£l 

t{p uK) > 2 X 10^^ yr (48) 

The analysis shows that the current lower limit on the DK'^ mode does not 
exhaust the parameter space for the naturalness limit of mg < 1 TeV. However, 
most of the parameter space for this naturalness limit will be exhausted when 
SuperK reaches its expected sensitivity of 2 x 10^^ yr. 
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6 B and L Violation in Non-minimal Models 


In this section we will discuss B and L violation in various non-minimal mod¬ 
els such as the {SU{3))^ models, undipped and flipped no-scale models, and 
SO(IO) models. 

6.1 {SU(3))^ Models 

{SU{3))^ models arise naturally in many Calabi-Yau string model construc¬ 
tions which below the compactiflcation scale have the gauge structure EqxN = 
1 supergravity. After Wilson line breaking, the E{6) can break to {SU{3))^ 
and one can make contact with low energy physics. The most studied mod¬ 
els of this type are the three generation models such as CP^ x CP^jZ^, and 
CP^ X CP^/Z3 X Z^. In models of this type the massless sector of the theory 
falls into 27 + 27 of Eq. The|-2'L^i|kt decomposes under SU{3)c x SU{3)l x 
SU{3)ii so that (see, e.g, refsl^OS), 

27 = L(l, 3,3) + Q(3,3,1) + Q%3, 1,3) (49) 

and one has a similar decomposition of 27 into L+ Q + Q‘^. The particle 
content of L, Q, Q'= is as follows 

L=(^,7^,7^^e^^^A); Q = {q,Dy, Q<^ = {qyD^) (50) 

where I, q,.. etc are the SU{2)l doublets and D and D‘^ are the SU{2)l singlet 
quarks. The coupling structure of the theory is given by 

{2lf = XiduD + X 2 U^d‘^D^ + Xsi-HH'N - Hv‘^1 P H'e’^l] 

P XilDND'^ - DeV P -h qlD‘^ - qHu’^ - qH'd^ (51) 

There are several sources of proton instabiltiy in the these. We list the two 
dominant sources among these: (a) From B and L violating interactions which 
contain a D or a They lead to nucleon decay from the B and L violating 
dimension 5 operators after D and terms are eliminated; (b) D — d mixing 
arising from N and VEV growth. This interaction provides the other domi¬ 
nant source of p decay in this theory. The superpotential with the D-d mixing 
after N and VEV growth has the form 

W^-‘^ = [MiDD’^ P M2Dd^ P Madd^] (52) 

Diagoaalization of the mass matrix leads to interactions which lead to proton 
deca’^. 
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Superstring models of Calabi-Yau type with {SU{3))^ gauge group can 
generate neutrinoless double beta decay after R parity violation. Thus 

as discussed VEV growth violates lepton number and R parity and one can 
obtain an effective Lagrangian of the type 


Leff — 9Xl^LdaU]^ 


(53) 


Since Xi is MajoranaT. the interaction allows a neutrinoless double beta decay. 
The predictions givfO 

g^/m^o < IQ-^^GeV-^ (54) 

while the current experimental limits correspond to 

g'^/m^o < IQ-^^GeV-^ (55) 

Thus the predicted level of double beta decay in Calabi-Yau models lies below 
the current level of sensitivity of experiment by about two orders of magnitude. 

6.2 P Decay in No Scale Models 

An important sub-class of supergravity models are the so-called no scale mod¬ 
els. In such models the F term contribution to the scalar potential of the 
models, i.e., 


1 


R = - 3] + -ReF^D^D^ 


(56) 


vanishes because one in on an Einstein manifold. In a class of no-scale models 
one has toq = 0 = Aq and SUSY breaking is driven by the universal gaugino 
mass term mi/ 2 - In this class of models one typically finds rriq < nig. Un¬ 
fortunately unfhpiped no-scale models of the above type violate experimental 
p lifetime limit^ in the interesting part of the parameter space since proton 
decay is governed roughly by the ratio TOg/m|, and the constraint nig < my 
tends to destalilize the proton. 


6.3 Proton Decay in the Flipped SU(5) Models 

In the flipped SU(5) modeS some particles assigned to the 5-plets (5iG = 
1,2,3) and the 10-plets {TpG = 1,2,3)) are flipped, i.e., 

<-> d\ <-> v'^ (57) 

Thus one has three generations of matter of the type 

Fi = {n’t, Li = (ei, ^ej); R = {qt = {m, di),d'i, e^; i = 1 - 3 (58) 
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The Higgs sector consists of the usual one pair of 5 + 5 of Higgs h, h, i.e., 

h=iH,D), h={H,D) (59) 

and two pairs of 10,10 of Higgs Hi, Hi{i=l,2) so that 

Hi = * = 1,2 (60) 

The effective potential in this theory i@ 

W = XiTTh + X2TFh + X3.FFh + HHh 
+ X^HHh + X^FHcj) + fihh 

+SiHTh + S2HFh + M'HH + M"c^(t) (61) 

where (j)'s are the singlet fields. Symmetry breaking occurs via VEV formation 
of H, H fields 

<p’h,>=M^,<v%>=M, (62) 

The Higgs doublet mass matrix arises from 

p.hh nHH, S2HFh 62MLH (63) 

and thus has the matrix form (with column labelled by H and rows by H and 
L): 

The usual scenarios consider the hierarchy: Mi ~ Mi ~ M >> M' >> /i. The 
light Higgs is gotten by setting ^2 = 0. Regarding the Higgs triplet sector, in 
addition to the D and D one also has color triplets from the 10 and 10 of Higgs. 
Thus there is mixings between the D and D terms and the color triplet terms 
from the 10 and lO of SU(5). After symmetry breaking mass contributions 
arise as follows: 


fxhh —>■ fj,DD 
SiTFh SiMdXD, XiTTh MdjjD 
X^HHh X^md%D, M'HH M'd^^d^ (65) 

Often one sets = 0. With these assumptions the mass matrix in the Higgs 
triplet sector is (columns: labelled by D, rows: labelled by D,d'^^): 


Mtrip — 


h 

X 5 M 


XiMX 

M' ) 


( 66 ) 
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Diagonalization gives the Higgs triplets a super heavy mass 0(M). The effective 
dimension five operator arising from fj,DD is of size 

«l/M (67) 

Thus in the flipped model the dimension five operators which mediate proton 
decay would be suppressed by a /i/M^ rather than the usual 1/M factor as in 
the standard SU(5) model. However, it is possible to upset this suppression in 
some cases. 

6.4 Proton Decay in SO (10) Models 

SO(IO) models have several interesting features. One of these is that SO(IO) 
allows for the doublet-triplet splitting via VEV alignment. To achieve this one 
considers a Higgs sector of the typed 


tTd-t = 10i45il02-f 10^((> (68) 

where lOi is the Higgs that couples with matter and </> is & singlet. 45i gets a 
VEV 0{Mq) in the B-L direction giving the mass matrices 

“;) (™) 

The Higgs doublet is light but the higgs triplets develop an effective mass 

= M-i = c/fal (71) 

In proton decay analyses in SO(IO) models one has in addition to the matrix 
element (3p defined by Eq.(35) also the matrix element Op defined by 

OipUl = eabc^ap < > (72) 

where jopl = |/3p| but the phase of ap/f3p remains to be specified. This phase 
can affect proton decay rateO. 

SO(IO) models generally involve large tan/3. Because of that there are 
some features specific to these models. Thus, for example, one finds that the 
gluino contributions can be very significant and comparable to the contribu¬ 
tions from the chargino exchange. Further, it is found that the contributions of 
the dimension six LLRR operators may be comparable to or even dominate the 
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sin^(0VF) 

Figure 2: Plot in the sin^dw — ot 3 {Mz) plane for various Mpo values. The dashed line is 
for the case of the lower bound on Mpp = 1.2 X 10^® GeV in the minimal SU(5) model. The 
dot-dashed line corresponds to the lower bound on Mpp = 2.7 X GeV in the minimal 
SO(IO) model. (Taken from ref.[45]). 


LLLL contribution in these modelMj. However, there is a potential problem in 
SO(IO) regarding proton stability vs unification of gauge couplings using LEP 
data. To see the problem one notices that tha^ass scale necessary to suppress 
p decay to the current experimental value ia£l 

(M-i)ii > tan/3(0.57 x 10^®) GeV (73) 

which for tan/3 ~ 50 requires a GUT mass of 2.5x10^^ for suppression of p 
decay to the current experimental limit. However, a mass scale of this size 
upsets unification of gauge couplinea.^d one needs large threshold corrections 
to get agreement with experimen10c3. Fig.2 illustrates the problem of the 
high scale in SO(IO). One finds from Fig.2 that for the experimental value 
of SIT? 9w{Mz)ms which is 0.23122 ± 0.00002 the value of ag corresponding 
to Mpo = 2.7 X 10^"^ is many standard deviations away from the current 
experimental limit of as{Mz) = 0.118 ± 0.003. Thus as stated large threshold 
corrections are necessary to get consistency. There are a great variety of SO(IO) 
models, and details of the model affect critically the nature of supersymmetric 
signals. Thus in a class of SO(IO) models discussed recentljO the charged 
lepton modes of the proton such as and I'^rj {I = e,/i), can 

become prominent. There are also other approaches in the non-minimal 
extensions where proton decay is correlated dir^ly with the ansatz on the 
Yukawa couplings of the dimension five operator£3. 
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7 Effects of Textures on P Decay 

Gut models give poor predictions for quark-lepton mass ratios. In SU(5) 
mh/rrir is in good agreement with experiment but ms/m^ and md/me are 
not. One needs textures, i.e., 


Wd = HilA^e‘^ + Hid‘=A^q + H2U^A‘^q 


(74) 


where A^jA^^SzA^ are the texture matrices. The simplest choice for these 
are the the Georgi-Jarlskog choic^ 


A^ = 



\D 


A^ = 


0 



( 0 


o\ 


= 


F 

0 

(75) 


V 0 

0 

d] 


c 

o\ 




0 

B 



(76) 

B 

A 





where A-F have a hierarchy of the type 


C,E. 


A~ 0(1), 0(e) 

0(e2), e « 1 


(77) 


A possible origin of the parameter e is from the ratio of mass scales, e.g.. 


Mgut 

Mstr 


(78) 


In the context of supergravity unified models this ratio can arise from higher 
dimensional operators. In the energy domain below the string scale after inte¬ 
gration over the heavy modes of the string one has an effective theory of the 
type 

IT = Wg-HlFi-hlFg-h... (79) 

where Wn{n > 3) are suppressed by the string (Planck) scale and in general 
contain the adjoints which develop VEVs~ 0{Mgut)- After VEV formation 
of the heavy fields 

Wn ~ 0 (- 7 y——)”~^ X operators in W 3 (80) 

string 


With the above one can generate mass heirarchy with \yuk ~ 0(1). One can 
also compute textures in the Higgs triplet sector 
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Wt = HilB^q + + tabdHidlB^ul + d^) (81) 

However, the Planck scale expansion is not unique and consequently the Higgs 
triplet texture are not unque, and a dynamical principle is needed to achieve 
uniqueness. One such principle is the assumption of an exotic sector wherein 
fields in a minimal vector like representation couple to both the hidden sector 
fields and fields in the physical sector. If the exotic fields gain superheavy 
masses their elimination will lead to a spcific set of Planck scale interactioip. 
Such an assumption indeed leads to unique Higgs triplet textures of the fornca 


B^ = 


0 aF 
a*F fE 


0 

0 

- D 



=B\ a= 


(82) 


(83) 


(84) 

(85) 


Inclusion of textures gives a moderate modification of p decay branching ratios. 
The p lifetime for the mode is enhanced by a factor of ~ (|^)^- P decay 
modes hold important information on GUT physics. Further, the textures 
affect in a differential wav the various decay modes which in turn can be used 
to test theories of textureO^. 


8 Effects of Dark Matter on Proton Stability 

In this section we discuss the effects of dark matter constraints on proton sta¬ 
bility. There is now a great deal of convincing evidence for the existence of 
dark matter in the universe and most of this dark matter must be non-baryonic. 
In supersymmetric theories with R parity invariance the least massive super- 
symmetric particle (LSP) is absolutely stable and hence a candidate for dark 
matter. A priori there are many possible LSP candidates for such non-baryonic 
dark matter in supersymmetry such as the gravitino, sneutrino, neutralino, etc. 
However, detailed analyses show that over most of the parameter space of the 
SUGRA models, it is the lightest neutralino (xi) which is the LSP and thus a 
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candidate for cold dark matter. The LSP neutralino is an admixture of four 
neutral states, i.e., 


Xi = mW^n2Bn^Hi + niH2 ( 86 ) 

where B is the Bino, W 3 is the neutral Wino, and Hi^H 2 are the neutral 
Higgsinos. In the scaling region when >> Mf one finds 


ni ~ - 


-- sin 29 wsinj 3 ^n 2 ~ 1 — 7 :—: 

2myia 2 fi 


ns 


'-XlM ^ 

- -—Sin9wsinf3,n4 ~ —sin9wco 

fj. 


(87) 


The above analysis shows that the LSP is mostly a Bino in the scaling region 
which is most of the parameter space of the model. In the region when fj, is 
small scaling breaks down, and one can have a large Higgsino component for 
the LSP. However, recent analyses show that this possibility may be close to 
being eliminateco. 


8 .1 Cosmological Constraints 

The amount of dark matter Tn the universe puts rather stringent constraints 
on supersymmetric model£ 3 ’ 0 . These constraints arise from the allowed range 
of where = p^^/pc- Here is the neutralino matter density, and 

Pc is the critical matter density 

p^ = SH^/SttGn = l.88hl X gm/cm^ (88) 


and ho is the Hubble parameter Hq in units of 100 km/s.Mpc. The number 
density of xi’s obeys the Boltzman equation 

^ = —8Hn— < (TV > (n^ — Uq) (89) 

where < cr?; > is the thermal average of the neutralino annihilation cross- 
section and V is the relative neutralino velocity. At the ” freeze-out” tempera¬ 
ture Tf the xi decouple from the background, and integration from Tf to the 
current temperature gives 


Xi 


^ 2.48 X 10"“ 


(TnVfT, 

\tJ \2.73J J{xf) 


(90) 


where J (a;/) = dx {av) {x)GeV Nf is the number of massless degrees 
of freedom at the freezeout, Xf = kTf/mx-^, Tj is the current background 


21 





10 ^ 



10 I- 

300.0 500.0 700.0 900.0 

Gluino mass (GeV) 


Figure 3: Plots of the maximum r(p —^ uK) lifetime in the minimal SU(5) supergravity 
model with universal soft breaking as a function of the gluino mass with the inclusion of 
relic density constraint on neutralino dark matter of 0.1 < < 0.4. The analysis is for 

Xi 

the naturalness limits on mo of 1 TeV (solid), and 5 TeV (dashed). The lower horizontal 
solid line is the Kamionkande limit and the upper horizontal solid line is the lower limit 
expected from Super K. (Taken from ref. [35]). 


temperature, and (T^o/T^)^ is the reheating factor. In the anaysis below we 
shall assume the relic density constraint of 

0.1 < < 0.4 (91) 

which encompasses a wide range of cosmological models. The imposition of 
the dark matter constraint reduces the proton lifetime by a very s igu ificant 
amount for values of the gluino mass greater than about 500 Ge\^. The 
reducticpifactors as a function of the gluino mass are listed in Table 2 (taken 
from refl^). One hnds that the reduction factors lie in the range 10-30. Taking 
into account corrections due to Yukawa textures, and other uncertainties in the 
calculations, SuperK should be able to test the region rrig > 500 GeV when it 
achieves a sensitivity of 1 x 10^^. These results are exhibited in Fig.3 for the 
minimal super gravity model. 

8.2 Effects of Proton Lifetime Constraint on Event Rates 

The imposition of proton lifetime_constraint has an important effect on the 
event rates in dark matter analysis. One finds that in addition to the drastic 
reduction in the allowed range of the gluino mass, there is also a very significant 
reduction in the magnitude of the maximum event rate curves. In Fig.4 we 
exhibit the maximum event rate as a function of the neutralino mass. We find 
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Figure 4: Plots of the the maximum and the minimum of event rates for the scattering of 
neutralinos off germanium target as a function of the neutralino mass. The relic density 
constraint 0.1 < Q.^oh? < 0.4 is imposed. The solid curves are for the case of mo < 1 

-Vl 

TeV and without p decay constraint. The dashed curves are for the case with the same 
relic density constraint, but with mo < 5 TeV, and under the proton lifetime constraint 
r(p —> vK) > 1 X 10^^ yr. The minimum dashed curve coincides with the lower solid curve, 
[taken from Ref. [35]). 


that the reduction of the maximum event rate curve can be a factor of 10 to 
100. This reduction arises from the fact that the proton lifetime constraint 
eliminates certain parts of the parameter space which give rise to large event 
rates. 


Table 1: Reduction of t{p yK)max from dark matter constraini 


gluino mass (GeV) 

reduction factor when 0.1 < < 0.4 

500 

29.5 

550 

23.2 

600 

18.6 

650 

15.3 

700 

12.9 

750 

11.3 

800 

9.8 


9 Proton Stability in Gauge Mediated Breaking of Supersymmetry 


In the simplest model of gauge mediated supersymmetry breakingi§(GMSB), 


one has that SUSY breaking arises from VEV formation of a chiral superfield 
S which couples to messenger chiral superfield {4>i^ 4’i) in vector like represen- 
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( 92 ) 


tations of the MSSM group with a superpotential of the form 

where in SU(5) one has = (5,5), or (10,10). The information on the 

breaking of supersymmetry is communicated by gauge interactions to the phys¬ 
ical sector. Masses for the gauginos (Ma) arise at the one loop level via gauge 
interactions, i.e., 

M, = ^A, A=^^^10^TeV (93) 

47r < b > 

where '/F is the SUSY breaking scale, A is the cutoff and typically ^/F ^ A. 
Masses for the scalars arise at the two loop level, i.e, 

rh^ (94) 

a 

where are the Casimir co-efficients for the field i. 

There are many extensions of this simplest GMSB jSiersion including mod¬ 
els with the messenger fields in incomplete multipleto. However, in these 
scenarios it is difficult to generate /i and Bfj, terms (where Bfi is the value 
of Bq^o at the electro-weak scale), and one needs non-gauge interactions for 
their generation. Further, because of the low value of supersymmetry breaking 
scale '/F in these th^ries, i.e., Af ^ 10^ TeV, the gravitino is the LSP with 
a mass TO 3/2 < 1 Kev^. Thus the gravitino cannot be a CDM in these models. 

There are significant constraints that arise in these models in a GUT frame¬ 
work. First it is noted that the unification of the gauge couplings using the LEP 
data along with the b — t unification puts severe constraints on the modelS. 
This type of constraint, howi^er, can be softened by inclusion of the Planck 
scale corrections as in RefsH’D. However, it is further found that the limits 
on tanl3 from proton stability and the limits on it from radiative breaking of 
the electro-weak symmetry under the constraint that the bilinear and the tri- 
linear soft couplings vanish at the messenger scale eliminate all GUT models 
considered in refE3 except for one or two isolated cases. 


10 Planck Effects and Proton Decay 

In the R-G analysis of the gauge coupling constants at there is an overlap of 
GUT threshold effects ai^of the Planck scale effects. For example, for SU(5) 
and for Q ^ Mq one ha»a 

a-\Q) = + AaH^) + (95) 
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where Ma are the superheavy GUT thresholds, and rii = (—3,—1,2) for the 
SU(2), U(l) and SU{3)c sectors. It is easily seen that the Planck effects 
characterized by rii can be absorbed in the GUT thresholds by a rescaling. 
Thus for the minimal SU(5) model rescaling gives 


a, 


+C, 




(96) 


where 


and where 




a, 


eff-l -1 

J J - 
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= Cp = 


ttcM 

otcMp 


(97) 

(98) 


While the RG analysis involves the effective parameters My^ and , the 
proton decay lifeitme is determined by My and by . Thus the RG analysis 
along with proton lifetime measurements can allow one to measure the size of 
the Planck correction, i.e., the value of c. For the p —> DK'^ one finds 


yK+, 

10 ttMv Mp, 


and for the p —*■ e“'"7r‘^ mode one find^ 


e+7r°, c = 


100 




y 


3/2 Mp 

3“^ My 


(99) 


( 100 ) 


11 Exotic p Decay Modes 

p decay modes discussed so far are all of the type where a proton decays into 
an anti-lepton and a meson, i.e., 

p —> e^TT® 

p^p+K° ( 101 ) 

These decay modes arise in the minimal SU(5) and SO(IO) models where the 
interactions obey the B — L conservation. However, it is possible to include 
interactions where B — L coservatkm is violated. Thus, for example, one may 
consider an interaction of the typ^, 

5m5mWp ( 102 ) 
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which can generate A{B — L) = 2 transitions. Such interactions will allow 
proton decay modes with a lepton and mesons such as 


d + d + s ^ fj,~ 

p p.~TT^K^,.. 


(103) 


Thus p decay modes distinguish among the varieties of GUT interactions and 
can provide important insights into GUT physics. 


12 Connection with String/M Theory 

Proton stability is a very strong constraint on string model building. Most 
string models contain interactions which violate R parity and can generate 
rapid proton decay. However, even with R parity invariance models with string 
GUTs will show generically the same typical B and L violating interactions that 
one has in ordinary GUT models. Recently, there has been an exhaustive study 
of string theories which perturbatively allow grand unification. One finds that 
indeed it is possible to find string models with interesting unified gauge groups 
such as SU(5), SO(10), E(6) etCd. However, simultaneous satisfaction of other 
desirable properties such as iV = 1 space time supersymmetry, three chiral 
families, and massless ajoints needed to break the gauge symmetry is not so 
easy, and one needs to go to models with higher Kac-Moody levels for their 
satisfaction. Recently, there has been a great deal of work on models of this 
type and explicit models at Kac-moody level three with the above properties 
have been constructecEj. Unfortunately, there are several problems of a phe¬ 
nomenological level still to be overcome before such models can become viable. 
String Guts is one of the many ways in which one can reconcile LEP data and 
the unification of gauge couplings within string theory. Without string GUTS 
one will have the Standard Model gauge group emerging directly at the string 
scale, and to reconcile the LEP data on the gauge coupling constants with this 
high scale, one needs some extra effects, such as string thresholds and ^tra 
vector like representations at an intermediate state below the string scal^. 

Horava and WitteiEj’^ have suggested a new possibility for the unification 
of the gauge couplings within the framework of string/M theory. It is within 
the framework of the conjecture that the strongly coupled limit of the Eg x Eg 
heterotic string is M theory on Riq x Si jZ^ with-grawity propagating in the bulk 
and the gauge fields living on the hyperplaneSO. If M theory compactifies 
on an M4 x CY x SxjZi the unification of gauge coupling constants can arise 
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at the GUT scale with the MSSM spectrum with the appropriate identification 
of the Calabi-Yau compatification radius with the inverse of the GUT scal£3. 
One has in addition unification of gauge coupling constants with gravity arising 
at this scale because of an extra running of the gravitational coupling due to 
the opening up of the fifth dimension at a scale which is an order of magnitude 
below the GUT scale. This picture is very close to the supergravity GUT 
picture as far as the particle sector of the theory is concerned. 

13 Conclusions/Prospects 

LEP data appears to support ideas of both grand unification and of supersym¬ 
metry. Thus SUSY/SUGRA GUT may be an important way station to the 
Planck scale where unification of all interactions occurs. In SUSY/SUGRA 
GUTS one needs R parity invariance to eliminate B and L violating dimension 

4 operators which lead to rapid proton decay. B and L violating dimension 

5 operators of GUT models allow one to probe via proton decay a majority 
of the parameter space of the minimal SUGRA model within the naturalness 
constraint of tuq < 1 TeV and rrig < 1 TeV if the Super-K and ICARUS exper¬ 
iments can reach the expected sensitivity of 2 x 10^^ y and 10^^ y respectively 
for the vK'^ mode. With the inclusion of dark matter constraints one finds 
that if the proton decay is not observed the gluino mass must lie below 500 
GeV within any reasonable naturalness constraint. The simultaneous p sta¬ 
bility and dark matter constraints will be tested in the near future in p decay 
experiments as well by experiments at the Tevatron, LEP2 and the LHC. 
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